Motion at the bone-implant interface, following primary or revision knee arthroplasty, can be 42 detrimental to the long term survival of the implant. This study employs experimentally verified 43 computational models of the distal femur to characterise the relative motion at the bone-implant 44 interface for three different implant types; a posterior stabilising implant (PS), a total stabilising 45 implant (TS) with short stem (12mm x 50mm), and a total stabilising implant (TS) with long 46 offset stem (19mm x 150mm with a 4mm lateral offset). Relative motion was investigated for 47 both cemented and uncemented interface conditions. Monitoring relative motion about a single 48 reference point, though useful for discerning global differences between implant types, was 49 found to not be representative of the true pattern and distribution of motions which occur at the 50 interface. The contribution of elastic deformation to apparent reference point motion varied 51 based on implant type, with the PS and TSSS implanted femurs experiencing larger deformations 52 (43 µm and 39µm respectively) than the TSLS implanted femur (22 µm). Furthermore, the 53 pattern of applied loading was observed to greatly influence location and magnitude of peak 54 motions, as well as the surface area under increased motion. Interestingly, the influence was not 55 uniform across all implant types, with motions at the interface of long stemmed prosthesis found 56 to be less susceptible to changes in pattern of loading. These findings have important 57 implications for the optimisation and testing of orthopaedic implants in vitro and in silico. 58 59
INTRODUCTION 64
Aseptic loosening is recognised as one of the predominant causes of revision total knee 65 arthroplasty (TKA) globally [1] [2] [3] [4] [5] . Loss of fixation through aseptic loosing can lead to pain, 66 malalignment of the prosthesis and eventual failure. The three main causes of aseptic loosening 67 are particle induced osteolysis due to excessive wear of the articular surfaces [6] , bone loss due 68 to periprosthetic stress shielding, and fibrous tissue formation instead of bone ingrowth as a 69 result of relative motion at the bone prosthesis interface [7] . 70
Changes in the position and orientation of an implant over time are measured clinically through 71 examination of X-rays or by specialist techniques such as radio stereo photogrammetric analysis 72 (RSA). While RSA offers a significant improvement in measurement accuracy over X-rays 73 (approximately ten times greater) [8] [9] [10] [11] it also has some limitations. Primarily, RSA can only 74 track large changes (e.g. > 100μm) in the position of the prosthesis [11] [12] [13] [14] . As these methods are 75 unable to capture the small but repetitive inducible motions (e.g. <40μm) which play a key role 76 in particle induced osteolysis [9] and aseptic loosening of the implant surgeons increasingly rely 77 on in vitro [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] laboratory testing and in silico modelling [15] [16] [17] [26] [27] [28] [29] to supplement 78 clinical knowledge on motion at the interface and overall implant stability. 79
Loading at the knee joint and in particular the articular surface of the distal femur is complex. 80
Multiple components of force act in multiple directions (e.g. tibio-femoral force, anterior-81 posterior shear force and patella-femoral force), the magnitude, position and orientation of which 82 can change dramatically over the course of a gait cycle and indeed with different patterns of gait 83 [30] [31] [32] . Furthermore, the joint itself is stabilised throughout its range of motion by numerous 84 muscles and ligaments. All these factors make replication of in vivo loading conditions extremely 85 challenging in vitro without the aid of expensive specialist equipment [33] , as such many 86 previous studies have employed simplified loading conditions to examine interfacial motion [18, 87 21, 34, 35] . However the influence of such simplifications on predicted motions at the interface 88 following total knee replacement has not been widely assessed. Only one previous study [26] has 89 attempted to address this issue directly. In their study, Berahmani and colleagues examined the 90 micromotion characteristics of a single cruciate retaining implant, and found that simplifications 91 in applied loading could lead to overestimation of peak motions by up to 22%. 92 Due to the complexity of the region of interest and its changing contact area with flexion, direct 93 access to the bone-implant interface is often not possible in vitro, as a consequence many 94 experimental setups rely on monitoring interfacial motions indirectly from sensors positioned at 95 a small distance away from the interface [16, 18-20, 25, 36] . However, such approaches are 96 subject to the inclusion of a number of flexibilities (e.g. bending, and elastic deformation of the 97 bone) which may lead to large errors. Thus far, only a limited number of studies have attempted 98 to directly quantify the impact of elastic deformations on reported results [21, 28, 36, 37] , others 99 tend to focus instead on long term indicators such as permanent migration, which is said to be 100 less sensitive elastic deformation of the bone [19, 20, 36] . 101
Little consensus exists on the exact contribution of elastic deformations to errors in in vitro 102 measurements. Gilbert et al. [38] United Kingdom) as shown in Fig. 1 ; a posterior stabilising implant (PS), a total stabilising 143 implant (TS) with short stem (12mm x 50mm), and a total stabilising implant (TS) with long 144 offset stem (19mm x 150mm with a 4mm lateral offset). Computer aided design software 145 (Autodesk Inventor TM 2010, Autodesk Inc., San Rafael, CA) was used to develop 3D models of 146 each implant investigated, and to carry out surgical resections on the femur for virtual 147 implantation. To ease computational costs and avoid projecting bad elements some 148 simplifications of small sharp features on the implant and stem surfaces were considered (e.g. 149 smoothing of the thin flutes along the length of the stem, and removal of screw threads at 150 modular junctions). 151
To incorporate identical loading and boundary conditions to the in vitro study [18] necessitated 152 the inclusion of a stiff steel plate through which the machine load could be applied, and a ultra-153 high-molecular-weight-polyethylene (UHMWPE) tibial bearing insert with central post and a 154 conforming articulation surface to allow load transfer to the femur, as shown in Fig. 2a where implant and offset adapter/femoral stem structures were composed of cobalt chromium 172 (CoCr) and titanium (ti-6al-4v) respectively, and the tibial insert was composed of UHMWPE. 173
The material properties applied to each structure are presented in Table 2 . 
Comparison of in vitro and FE micromotion measurements: 214
The apparatus and experimental protocol referred to in this study has been described in detail 215 previously [18] . In brief, a custom test rig using an array of six differential variable reluctance 216 transducers (DVRTs) was developed, and attached to the bone-implant construct (Fig. 2a) . This 217 permitted recording of relative translational and rotational motions of the implant to the bone, in 218 all six degrees of freedom about a reference point close to the interface (Fig. 2c) . When 219 comparing measurements taken during in vitro experiments to those in an FE model it is 220 essential that the same parameters be measured in the same manner, to this end it was necessary 221 to recreate the sensor placement and setup used in the in vitro experiments. Rather than adding to 222 model complexity and runtime by explicitly modelling the entire three dimensional test rig, the 223 location of each sensor and its corresponding target were recreated virtually using a system of 224 reference points and coupling constraints, as shown in Fig.2b . In this manner, the displacement 225 of the sensor could be approximated by calculating the relative change in position of the target 226 sphere reference point to its corresponding sensor reference point. It can be seen from Fig Motion predicted directly at all points of the interface were quantified using three inbuilt 241 parameters in Abaqus; Copen, Cslip1, and Cslip2. Where Copen represents the normal distance 242 by which the contacting surfaces have separated (henceforth referred to as gap opening), and 243 Cslip1 and Cslip2 represent motions which act tangential to the contacting surfaces (henceforth 244 referred to as shear micromotions) in direction 1 and 2, these directions being orthogonal to each 245 other. These motions were then visualised as colour contour plots. The corresponding surface 246 area associated with six different bands of shear micromotion (0 -20µm, 20 -40µm, 40 -60µm, 247 60 -80µm, 80 -100µm and 100 -150µm) was also calculated using code developed in-house. 248 On investigation of the predicted motions directly at the interface using contour plots (Fig. 5a  277 and Fig.5b) , it can be seen that motion is distributed in a complex manner over the multi-planar 278 surface. In all cases motions favourable for bone ingrowth [43] , and well below those predicted 279 at the reference point, are observed on the distal surface, anterior chamfer and posterior chamfer 280 (Table 4) . 291
The surface area associated with motion in the range of ), the surface area associated with increased motion is substantially 294 reduced relative to that experienced under simplified loading conditions. 295
DISCUSSION 296
This study presented the use of experimentally verified finite element models of the distal femur, 297 implanted with primary and revision femoral components, to investigate and quantify relative 298 motions and elastic deformations at the bone-implant interface. 299
Predicted (FE) and measured (in vitro) translational and rotational relative motions for both 300 frictional (supplement B: Table 1 ) and tied (supplement B: Table 2 ) interface conditions were 301 found to be within the same range, however, directional differences between the largest 302 components of motion measured in the in vitro experiments and that of the FE models were 303 observed in the present study, as has been the case in similar studies of this nature [16, 44] . 304 Similar to that found by Conlisk et al. [18] , translational and rotational components of relative 305 motion were predicted to be smallest in the TS implant with long offset stem. Differences in PS 306
and TS (short stem) implanted femurs under frictional conditions were very small. The 307 component of rotation found to be smallest in general was θz. The percentage reduction in 308 motion observed going from a fully frictional to fully tied interface was found to be similar to in 309 vitro conclusions on uncemented and cemented implant motions. The overall trends evident by 310 comparing Fig. 4a and Fig. 4b lend support to the idea that comparable implant performances 311 can be achieved without the use of stems provided full fixation of the implant is achieved at the 312 metaphysis [18] . 313
Based on the assumption that no motion is permitted at the bone-implant interface of cemented 314 FE models (due to tied constraints), we can then approximate the magnitude of the elastic 315 deformations acting on each implanted femur through examination of apparent motions at the 316 reference point for the "cemented" FE scenarios. In the present study such quantities are 317 estimated to account for readings ranging from However, if attempting to adjust for the contribution of elastic deformations, future studies 329 should bear in mind that different implant configurations will be subject to different levels of 330 deformation, as has been shown in the present study (e.g. largest elastic deformations in PS 331 implanted femur, and smallest in TS implanted femur with long offset stem). 332 Similar to Tarala et al. [28] , this study has also shown that motion of the reference point does not 333 reflect the complex behaviour of interface. On investigation of the true predicted interfacial 334 motions using contour plots (Fig. 5) , results are observed to be lower than that predicted about 335 the reference point, typically m  40  on the distal surface, but rising much higher on the 336 anterior and posterior surfaces. This indicates that while in vitro investigations using the current 337 DVRT setup may be useful for providing a general comparison of overall component stability, 338 they are not fully able to characterise the complex interactions taking place directly at the 339 interface. Similar limitations with respect to investigation of motion following THA of the femur 340 and TKA of the tibia have been previously reported [16, 28] . 341
In a recent FE study by Berahmani et al. [26] , the influence of different loading configurations 342 on micromotion at the bone-implant interface following primary TKA with a cruciate retaining 343 implant was examined. Similar to the finding of the present study, Berahmani and colleagues 344 reported that simplified loading conditions and a lack of patella-femoral force caused an 345 overestimation of micromotion at the interface. In their study it was also suggested that the 346 distribution of motions was quite similar regardless of the loading configuration applied. 347
However, in the present study, application of complex physiological loading patterns over a 348 simple tibio-femoral force pattern (often applied in vitro) not only led to alterations in magnitude 349 and location of peak motions, but also markedly changed the distribution of motions over the 350 entire interface [16] . Interestingly, the effect of loading on motions was not uniform across 351 different implant types, with motions at the interface of long stemmed implants found to be less conditions. This along with other factors, such as implant geometry and modelling parameters 358 selected (e.g. frictional coefficients, and applied loads) may also explain why, contrary to that 359 reported by Berhamani et al. [26] the distal surface and anterior chamfers were found to exhibit 360 high levels of micromotion under complex loading conditions. 361
This study has some limitations. One potential limitation lies in the fact that no interference fit 362 was modelled between the implant and the bone for the frictional cases, as this parameter was 363 not recorded during the experiments it adds another element of uncertainty when trying to 364 replicate them in silico. While the magnitude of motions may reduce with press-fit [15] . It is 365 unlikely that the main trends observed here, in relation to the quantification of elastic 366 deformations and the role of applied loading on magnitude and distribution of motion, would 367 change given the comparative nature of this study. 368
Despite efforts taken to accurately replicate in vitro conditions in silico, this study showed that in 369 vitro measurements of motion did not match perfectly with FE predicted motions. These 370 differences in magnitude of translational and rotational relative motions may be explained by 371 both geometrical issues (e.g. ideal Boolean fit in FE vs. imperfect fit in vitro) and interface issues 372 (e.g. frictional properties applied numerically). To minimise errors future tests should closely 373 calibration bone-implant interface frictional properties based on benchmark tests with samples 374 from physical lab specimens of all relevant materials. Furthermore, differences in the specified 375 and actual material properties of the sawbones composite femurs [17] may present another 376 source of variability. 377
In this study, for consistency and to allow direct comparison of implant behaviour, all implants 378 (primary and revision) were implanted into healthy bone geometry which perfectly modelled the 379 inner shape of the implant. However, at the time of revision surgery, where stemmed implants 380 would typically be used, surgeons frequently encounter poor quality bone stock and large bony 381 defects. Such alterations to the underlying architecture of the bone may influence its response to 382 implantation [27, 46] and make long term survival of the prosthesis challenging. Additionally, 383 any alterations to the Young's modulus of the bone, through defects or disease, would likely 384 heavily influence inter-implant comparisons and substantially alter the levels of elastic 385 deformation experienced at the interface. Future studies should seek to understand how bone 386 quality (e.g. osteoarthritic v.s osteoporotic) and bony defects may influence motions and 387 deformations at the interface and how they might affect the trends presented here. 388
The models presented in this study are currently limited to predicting motion at the interface in 389 the immediate post-implantation period. However, catastrophic loosening typically only occurs 390 after millions of cycles [19] . On-gong work in our group aims to address both the time-391 dependent material response of bone [47] and its macroscopic yield behaviour [48] , with a view 392 to incorporate these aspects into future iterations of the models presented here, to allow 393 predictions to extend to loosening and failure of the prosthesis. 394 Cristofolini, L., Affatato, S., Erani, P., Tigani, D., and Viceconti, M., Implant fixation in 460 (0 -624 20µm, 20 -40µm, 40 -60µm, 60 -80µm, 80 -100µm and 100 -150µm 
